The self-sharpening of the sea urchin tooth was previously hypothesized but never visualized. Through a novel in situ SEM experiment, such visualization in three dimensions become possible. Moreover, when in situ experimental measurements were combined with nonlinear finite-element analysis, the synergy between tooth microstructural features and mechanical properties of constituents responsible for the observed self-sharpening mechanism was ascertained. Such insight of material architecture and properties is readily transferable to composite material design.
INTRODUCTION
Natural materials are responsible for performing a diverse set of biological tasks to maintain the healthy condition of an organism. To meet this challenge, Nature has developed efficient strategies for the synthesis of multifunctional materials from a surprisingly limited set of constituents. In this context, it is well documented that the animal kingdom provides numerous examples of biological processes that place demanding performance requirements on natural materials systems. For example, mastication in animals requires hard and durable teeth that are capable of mechanically grinding and crushing nourishment for digestion. 1, 2 For this process, animal teeth generally exhibit a hardness approaching that of metal composites and a fracture toughness comparable with those found in polymeric materials. 3, 4 Furthermore, the tooth structure and constituents have evolved to withstand degradation and wearing over millions of mastication cycles throughout the lifetime of the animal. 5 Nature provides different evolutionary strategies for maintaining the integrity of teeth. Common strategies involve the use of hard and tough outer layers on more compliant substrates, e.g., in humans and other mammals. [6] [7] [8] [9] [10] Others utilize replenishment, whereby the worn grinding features are renewed through continuous growth of the entire tooth structure (as in marine species such as sea urchins and chitons 11, 12 ). In the latter case, maintenance of sharp grinding features is of primary concern for daily feeding activities. In sea urchins, this process is hypothesized to
Progress and Potential
The teeth of animals play a crucial role in their survival, and, like other body parts, they adapted to the host's habitat to maximize their functionality. Superior performance in the sea urchin dentition system was hypothesized to emerge from sharpness preservation during the organism's life span. In this work, a novel in situ scanning electron microscopy experimental methodology was employed to visualize a mechanism for sharpness preservation and to quantify conditions for its activation. Nonlinear finiteelement modeling, incorporating experimentally measured nanoscale properties of constituents and interfaces, provided insight into synergistic effects between tooth architecture and material properties leading to sharpness preservation. The reported findings have the potential to influence the design of tools for mining, boring, and machining operations, e.g., cutting and grinding.
be directed by a self-sharpening mechanism, whereby mineralized plates are sequentially fractured and discarded to maintain a sharp distal grinding surface. 13, 14 However, it is unclear how the organism achieves a selective cleavage of tooth features from apparently brittle ceramic constituents. Conventional knowledge in the fracture behavior of ceramic materials would suggest unstable and undirected crack growth within the tooth, precluding a directed self-sharpening mechanism. The current investigation therefore seeks to reveal the relationship between sea urchin tooth architecture and constituent properties leading to tooth sharpness preservation. Moreover, the work reported here should guide the design of microstructure and selection of material constituents in the design of tools for cutting, grinding, and boring applications.
RESULTS AND DISCUSSION

Tooth Architecture
In an effort to understand the tooth-wearing mechanism, the current study examines the tribological and wear behavior of the pink sea urchin (Strongylocentrotus fragilis) teeth ( Figures 1A-1C ). Pink sea urchins are deep-sea marine species (found in a 100-m to 1-km ocean depth) that can grow up to a 10 cm in diameter. 15 Similar to other urchins, they possess hard and mineralized endo-and exoskeletons. They gain their mineral components from seawater; and have been studied for insight into the mechanisms of biomineralization. 16 Among their skeletal elements, teeth are heavily mineralized ($99% mineralized) with magnesium-enriched calcite. 17 They utilize their teeth to forage food from coral reefs, and scrape and bore holes into rocky substrates to hide from predators or to use as shelters against wave action. 18 This requires their teeth to be tough and wear resistant in abrasive (i.e., sandy) environments.
The feeding apparatus of sea urchins, commonly referred to as Aristotle's lantern, is shown in Figure 1C . This skeleton muscular system holds five teeth firmly in place, in which each jaw contains a single tooth. 19 These jaws work together as a mechanical grasping in such a way that the outward protrusion and inward withdrawal of teeth occur centripetally and simultaneously. 20 A microcomputed tomography (m-CT) image of a segment of the whole tooth is shown in Figure 1D . The image reveals that the tooth is formed along an elliptical curve with a T-shaped cross-section. Images of transversal and longitudinal cross-sections of the tooth, displayed in Figures 1E and 1F, expose other imporant features of the tooth structure. The transversal section shows that the tooth is composed of three structural regions: the primary plates, the stone region, and the secondary plates ( Figure 1E ). The stone region is made of high-aspect-ratio, small-diameter fibers (micrometers in size) surrounded by an organic sheath. The fibers are embedded in a polycrystalline matrix consisting of nanometer-sized particles (10-20 nm in diameter) 21 of magnesium-rich calcite. It was reported that the level of magnesium content varies along the tooth length and is higher at the tip region, which leads to higher hardness and abrasion resistance. 22 The fiber diameter gradually increases from the stone ($1 mm) to the keel ($20 mm), where the cleavage fracture of large calcite fibers is dominant (see Figure S1). The longitudinal cross-sectional image ( Figure 1F ) of the stone reveals fiber fracture as well as pullout, which is due to the debonding at the interface between the fibers and the organic sheath. Primary plates are typically made of calcite single crystals and are located on the convex surface of the tooth, while the secondary plates populate the concave surface bounding the stone region laterally. The longitudinal section, shown in Figure 1G , reveals the array of curved primary plates, stacked parallel to each other. The image also shows the fibers and polycrystalline matrix filling the space between plates. The keel ( Figure 1H ) forms the base of the T cross-section and increases the bending stiffness of the tooth. More images of the microstructure of the tooth are provided in Figure S1 .
Mechanical Properties of the Tooth Constituents
To gain insight into the tooth wear mechanism, knowledge of the mechanical properties of the tooth constituents is crucial. Hence, nanoindentation and in situ scanning electron microscopy (SEM) micropillar compression tests were performed for this purpose. Samples sectioned along the longitudinal and transversal orientations were prepared for nanomechanical testing as described in Experimental Procedures. Low-depth indentation maps were obtained through single loading-unloading cycles with a spacing of 10 mm between each indentation. Data analysis revealed an average Young's modulus (E) and hardness (H), at the tip of the tooth in the longitudinal and transversal directions, to be E L = 77.3 G 4.8 GPa, H L = 4.3 G 0.5 GPa and E T = 70.2 G 7.2 GPa, H T = 3.8 G 0.6 GPa, respectively ( Figure S2 ). These results are consistent with previous studies of indentation on sea urchin teeth. 21, 23 In addition, indentations with cyclic incremental loading were performed in the longitudinal direction to establish a visco-plastic-damage model for the stone region. A representative indentation load-displacement curve is displayed in Figure 2A . The modulus for each cycle was calculated based on the Oliver-Pharr method 24 using the unloading data. Indentation cycles revealed a monotonic decrease in modulus with increasing indentation depth ( Figure 2B ). This stiffness degradation is attributed to damage accumulation through irreversible deformation, and is modeled via finite-element simulations using a visco-plastic-damage model previously employed in the modeling of bone. 25, 26 Note S3 summarizes the employed constitutive law together with the procedure used for its parametrization. Experimental evidence of damage is shown in Figure 2C , where cracks are observed emanating from the corners of the indentation mark. Crack growth occurs around the fibers rather than through the fibers. This manner of crack deflection was previously observed in the fracture surface of sea urchin teeth as a result of the weak organic sheath/matrix interfaces. 27 The mechanical properties of the tooth constituents were also assessed using micropillar quasi-static compression experiments. The micropillar tests provided information on the nature of the compressive uniaxial stress-strain behavior of the stone, as well as the strength of the interface between calcite plates. We note that micropillar compression tests were previously employed in the testing of other biomaterials such as lamellar bone. 28 Focused ion beam (FIB) milling was used to fabricate micrometer-sized pillars from the plate and the stone regions in the sea urchin tooth (see Experimental Procedures). To assess the cohesive strength of interfaces between primary plates, in the convex side of the tooth, we fabricated micropillars at an oblique orientation relative to the normal interface. A representative set of fabricated micropillars, within the plate region, is shown in Figure 2D . There are multiple interfaces at oblique angles to the pillar axis, which enables interface characterization under shear loading when the micropillar is axially compressed (see Figure S3 ). A micrograph of a typical micropillar containing an oblique interface is shown in Figure 2E , where the sliding of the interface is clearly observed. The corresponding shear stress-strain curve is shown in Figure 2F , from which the interface strength can be inferred. A summary of measured mechanical properties is given in Tables S1-S4. Such properties are employed in the design of the wear tests and the parametrization of constitutive laws used in the finite-element simulations subsequently discussed.
Stress-strain curves obtained from micropillars fabricated within the stone region, along the longitudinal direction, are shown in Figure S4 . Surprisingly, the measured elastic modulus is almost half the one measured via indentation testing. Such a discrepancy between indentation and micropillar compression tests was also reported for dental enamel. 29, 30 Even though several explanations were advanced in the literature, from artifacts in sample preparation, e.g., ion irradiation, to environmental conditions such as humidity, the investigators could not justify the difference in the reported values. In this work, we found a size effect whereby the doubling of the size of the pillar resulted in a $30% increase in Young's modulus. We hypothesize that further increase in the micropillar size would minimize the difference in modulus measured with the two techniques. Unfortunately, the physical size of the stone region in the sea urchin tooth prevented fabrication of larger samples to confirm the hypothesis. Additional research is needed to gain further insight into the effect of testing small samples. In this regard, we refer the reader to the work by Odette and co-workers, who pioneered a number of experiments and analysis approaches to deal with the identification of material constitutive behavior from the testing of small samples. 31, 32 In Situ SEM Wear Tests The deformation behavior of the sea urchin tooth (i.e., self-sharpening) was examined using a novel in situ SEM wear experiment. In the experiments, a tooth glued into a special holder was compressed against an ultra-nanocrystalline diamond (UNCD) substrate ( Figure 3A ). Such experimental design is in direct contrast to conventional scratch experiments, where the tip is typically made from diamond and the wearing surface is the substrate. 33, 34 Hence, our methodology focuses on revealing the role of tooth microstructure and constituent properties, on deformation and wearing, under well-controlled and measurable contact conditions. The diamond substrate is selected because of its hardness and wear resistance to activate and accelerate the tooth-chipping process. Details regarding the experimental setup and instrumentation employed in the wear experiments are provided in Experimental Procedures. In the experiments, a trapezoidal load-time profile is applied to the tooth to achieve a target compressive load, which is held constant during sliding. To mimic the motion of teeth inside the sea urchin mouthparts, scratching is performed along the radial direction (i.e., y direction in Figure 3A ), where the opening and closing of teeth occur simultaneously. 20 Motion in this direction along with lateral motion of Aristotle's lantern, including rotation, shifting, and tilting, provide the required tooth functionalities of scraping, grinding, and biting. 14 To estimate the applied mean contact stress and the required load to reach such pressure on the tooth, we employed a Hertzian contact mechanics analysis. The analysis can be conceptualized as the plane-strain problem of a curved elastic body pressed against a rigid half-space. In this regard, the shape of the tooth is treated as a curve with an equivalent radius of curvature, R Tooth , while the UNCD is considered as a rigid bulk half-space (see Figure 3A ). Under these conditions, the force required to initiate tooth yielding is given by 35
where E* is the reduced elastic modulus and s Y is the tooth yielding stress. The derivation of Equation 1 is given in Note S1. To ensure applicability of Equation 1, we performed several indentation experiments, on the UNCD substrate, at various maximum prescribed displacements. The load-displacement curves as well as the characterization of the tooth tip before and after the tests are provided in Figure S5 . When the contact stress exceeds the stone yield stress, several ''pop-in'' events were observed in the load-displacement curves. SEM images of the tooth revealed deformation and cracking of the stone region. Thus, it was concluded that Equation 1 is a good estimator of the normal load needed to initiate yielding in the stone. We note that the biting forces from Aristotle's lanterns, from other species in Echinoidea, can range from $1 to 50 Newton, 36 depending on the food source. The applied normal force in our experiment, for one tooth, ranges from hundreds of microNewtons up to 1 Newton, which results in 1-to $5-Newton force for the whole lantern, due to the presence of five teeth. The wear tests were carried out inside a scanning electron microscope using a commercial nanomechanical testing system (Alemnis). The details of sample preparation and implementation are given in Experimental Procedures. Wear tests were performed by translating the substrate in the y direction, as schematically illustrated in Figure 3A . The scratch parameters such as the tooth-tip velocity, V, as well as the sliding length, L, were chosen to perform the test in the stable friction regime. 37 The applied normal stress was selected to achieve a mean pressure equivalent to the yield stress of the tooth. This ensured that no cracks would appear during the initial loading step, as revealed by the quasi-static tooth indentation tests, while sliding could potentially cause tooth chipping upon accumulation of plasticity and damage. As shown in Figure 3B (i), some debris left by wear of the stone region is observed. As the stone region is worn and flattened, interface cracking between plates could initiate and propagate due to compression-shear loading and stress buildup in the calcite plates region. That this is indeed the case is observed in Figure 3B (ii) and (iii), where the SEM images reveal the shedding of primary plates on the convex side of the tooth. To the best of our knowledge, these are the first experimental images capturing plate chipping, in three dimensions, and the associated tooth selfsharpening mechanism.
To characterize the tooth-wearing phenomena and its relationship with independent variables, we conducted a dimensional analysis. 38 For this purpose the tooth wear, w, is expressed as a function of several dimensionless variables. We note that w may refer to the flattening of the stone and potential chipping of the plates. The former is calculated based on the change in contact area, while the latter is calculated from removed area, in the plate region, times the thickness of the plate. In both cases, w is characterized by comparing before and after SEM imaging in each wear test.
In the case investigated here (i.e., when only the tooth wears), w = f ðm; F N ; V ; t; H Tooth ; aÞ. Here, F N is the applied normal load, m is the friction coefficient, V and t are the imposed sliding speed and duration, respectively, H Tooth is the hardness of the tooth, and a is the contact radius. Using Buckingham's dimensional analysis, 39 the above equation can be reduced to a simpler nondimensional form given by (for details see Note S2)
In the above equation, the power, ''i'' can be 2 for the flattening area (w 2 h A fl ) or 3 for the volume of chipping (w 3 hV cp ). In addition, F N /a 2 can be defined as the nominal contact stress, and L is the sliding length equal to Vt. In the following, conditions under which self-sharpening may occur are revealed.
Two types of wear experiments were carried out. In one type, the load corresponding to the onset of yielding was kept constant during the entire sliding process (case W CL ). In a second type, the nominal contact stress was kept constant and equal to the stone yield stress (case W CS ). For the latter case, the flattened area was imaged and measured at specific sliding intervals of $1,000 mm, and employed to update the contact area. Subsequently, an updated load was employed in order to keep F N /a 2 constant. The force leading to a prescribed contact stress and the initial contact radius, a 0 , were obtained from a contact mechanics analysis (see Note S1). Despite using the same initial contact stress in both cases (W CL and W CS ), different wearing mechanisms were observed. Recorded SEM videos along with images of the tooth tips reveal, in both cases, flattening in the stone region. Videos of the wear experiments (Videos S1, S2, S3, and S4) are provided. When holding the load constant, W CL case, and over the range of L/a 0 investigated, only an increase in flattened area, without plate chipping, was observed ( Figure 4A ). By contrast, when the normal force was increased to maintain the nominal contact stress constant, W CS case, continuous chipping and shedding of plates were observed ( Figure 4B ). This is also evident in a plot of measured flattened area and volume of chipped plates as a function of dimensionless sliding length, L/a 0 (see Figure 4C ). This plot clearly shows that no plate chipping occurs for the W CL case even when the dimensionless sliding distance is much larger than for the W CS case. Careful examination of the stone flattening and chipped plates, shaded in red in Figure 4B , clearly reveals the self-sharpening mechanism. The stone flattened area increases up to a point because when a plate(s) is chipped, a part of the flattened area is simultaneously removed ( Figure 4B(iii-v) ). Microstructural features such as the connection between stone and plates seem to facilitate this process. Indeed, high-magnification SEM images ( Figure S1 ) reveal that fibers in the stone region bend and penetrate the plate layering in the convex part of the tooth. Quantitatively, Figure 4C shows a jump in the chipping volume when a new plate(s) detach from the tooth tip. Interestingly, at the same L/a 0 , a sharp reduction in the width of the flattened region is observed ( Figure 4D) , indicative of the self-sharpening process. These experimental results reveal that by keeping the normal load constant during the wear test, tip blunting occurs, whereas the tooth remains sharp when the nominal contact stress is kept constant and equal to the yield stress of the stone. These results were consistently observed in several experiments. Additional wear experimental results are given in Figure S6 .
Nonlinear Finite-Element Simulations
To gain insight into the role of tooth microstructure, constituent properties, and their contribution to the self-sharpening mechanism, we conducted a nonlinear finite-element analysis of the wear process ( Figure 5A ). To this end, we used SEM images of the longitudinal section of the tooth tip to build a two-dimensional model (see also Figure S7 ). The model consists of the stone, plates, keel, and interfaces between plates and stone. Dimensions and constitutive laws used in each region of the model are summarized in Experimental Procedures and detailed in Supplemental Information. A visco-plastic-damage model was used to describe the stone constitutive behavior and its fragmentation was modeled by element erosion. The keel region was simulated as a linear elastic material with effective homogenized properties. The plates, on the other hand, were implemented using an anisotropic elastic constitutive law and their cleavage (intra-plate fracture) was modeled via cohesive elements inserted between solid elements. The rationale behind this selection is based on the plate features (described in Tooth Architecture) and the observed fracture mechanisms. On the other hand, fracture between plates (interplate fracture) was modeled via interface elements possessing a strength, identified from micropillar tests, and cohesive energy obtained from literature reports. Details of the interface traction-separation law are provided in Note S3.
As shown in Figure 5A , a finite-element model of the tooth, with graded mesh size, was employed. The finest mesh ( Figure 5A, inset) , was placed in the region of the tip in contact with the substrate. A coarser mesh size was used toward the keel region. The simulation loading steps were the same as in the experiment, i.e., an approaching/compression step followed by a sliding step with velocity V, and a retraction step. In the approaching/compression step, the rigid substrate was displaced toward the tooth, in the (Àz) direction, until a prescribed contact stress was achieved.
In the sliding step, the tooth was displaced downward in the (Ày) direction at a prescribed velocity V = 1 m/s. Finally, in the retraction step, unloading took place by moving the substrate in the z direction, until the tooth was out of contact with the substrate. The friction coefficient employed in the simulations, between the tooth and substrate, was experimentally measured during sliding tests and was found to have an average value of 0.4, which is in the same order as the friction coefficient measured during sliding of dolomite rocks 40 ( Figure S6E ).
Contour plots of von Mises stress, at the tip of the stone and plate regions, are shown in Figures 5B-5H . As the tooth is compressed, the stone undergoes large visco-plastic deformations, accumulates damage, and flattens ( Figures 5B and 5C ). Further compression triggers a shear band in the stone, where most of the plastic strain and damage accumulate, shearing off a part of the stone in direct contact with the substrate (Figure 5D ). Such fragmentation of the stone is observed as stone debris in the experiments ( Figure 3B(i) ). The compression also results in inter-plate delamination, as the interface elements are subjected to mixed loading leading to decohesion. Indeed, as the contact region evolves, contact stresses build up, triggering crack initiation and propagation at interfaces ( Figures 5B-5E ). The loss of cohesion between plates enhances a bending mode that detaches the outer plate(s). Scratching exacerbates interface failure, which in turn results in plate removal when the plate(s) undergoes cleavage (where cracks deflect from the interface and penetrate into the plate, Figure 5G ). As the process continues, chunks of the plate region chip away and detach from the tip ( Figure 5H) . Interestingly, the simulation predicts chipping in both the stone and plate regions, with the plate chip of variable size, a feature observed in the experiments (Figures 3B  and 5I ). We also note that depending on the interface and plate toughness, a competition between crack propagation by interface delamination and plate cleavage ensues. This is consistent with the argument that the organic layers surrounding the plates, at interfaces, promote and guide crack propagation. 14 Furthermore, the experimentally observed and modeled chip-formation mechanism shows that by tailoring the ratio between interface and crystal toughness, the size of the chip can be altered. In the sea urchin tooth, a range of chip sizes between 20 and 100 mm were imaged as the chipping process progressed ( Figure 4B) .
Conclusions
By creating a novel in situ SEM wear experiment, the self-sharpening mechanism previously hypothesized, for the sea urchin tooth, was visualized in three dimensions and associated contact conditions quantified. In particular, the synergy between tooth architecture, constituent mechanical properties, and wear mechanism were related to the tooth function. Furthermore, load conditions under which the self-sharpening mechanism is activated were identified. More specifically, we found that a threshold nominal contact stress of approximately the yield stress of the stone region is needed to activate the chipping mechanism. Plate chipping results from crack nucleation and propagation along interfaces between plates. The chip size is controlled by crack deflection into the plate when cleavage becomes energetically more favorable than continuous inter-plate delamination. Both experiments and simulations clearly reveal a transition from plate delamination to cleavage (see Figures 3 and 5) , with the cleavage location defining the dimension of the chipping plate. Moreover, chip fracturing is also observed due to the three-dimensional nature of the deformation and stress state. Examination of the tip of tens of sea urchin teeth revealed features consistent with this chipping failure mode ( Figure 5I) . Moreover, the experimental force required to induce plate chipping is consistent with the biting forces estimated for the Aristotle lantern. 36 Hence, we conclude that the experiments and simulations reported here are representative of the sea urchin self-sharpening process involving stone wear followed by plate detachment and chipping. Another key feature revealed by this work, which was somewhat overlooked in prior work, is the role played by the stone quasi-brittle constitutive behavior. In fact, the material exhibits a combination of hardness, visco-plasticity, and damage that limits the contact stress and leads to wear, in the form of microscale debris. Formation of such debris takes place under specific conditions of combined normal and shear stresses. Note that in the absence of stone visco-plastic deformation and wearing, local stresses in the plate region, near the contact zone, would not reach the threshold required for plate delamination and chip formation. Interestingly, evolution achieved such functionality (modulation of tooth wear) by means of a fiber-matrix composite.
By performing nanomechanics experiments, the properties of the sea urchin tooth constituents were identified. When these were combined with nonlinear constitutive laws, a nonlinear finite-element model was successfully formulated to reveal local conditions of deformation and stress states leading to stone chipping, interface crack initiation and propagation, and ultimately plate chip formation leading to tooth self-sharpening. Interestingly, the simulations reported here not only captured the tooth-chipping phenomenon but also demonstrated the predictive capabilities of advanced nonlinear finite-element analyses based on independently parametrized material constitutive models. Therefore, the experimental-computational methodology established in this work can be broadly applied to other animals' teeth to elucidate microstructure-constituent property relationships on wearing mechanisms and overall functionality. This could also assist researchers in the dental industry to design new artificial teeth for humans with superior properties.
In closing, we note that model predictions of deformation and failure were consistent with the experimental measurements, which provides confidence in using nonlinear finite-element analysis to explore other potential combinations of microstructures, materials, and interface chemistries, beyond those encountered in natural materials. As such, this work paves the way for exploration of novel designs with application to the cutting and boring industries in which blade-cutting efficiency and wear resistance are highly sought after.
EXPERIMENTAL PROCEDURES Teeth Extraction
Fifteen pink sea urchins (Strongylocentrotus fragilis) were collected in 2015 from an ocean depth of 340 m and then frozen. They were thawed at room temperature for sample preparation purposes. Their Aristotle's lanterns were extracted by cutting the connective tissue around the perimeter of the lantern and rinsing in distilled water. Teeth were carefully slid out from the lantern using forceps. They were then rinsed again in distilled water and dried out at room temperature for different characterization purposes and wear experiments.
Indentation Maps
Teeth were mounted in the longitudinal and transverse directions using EpoThin2 resin. The samples were polished progressively using SiC papers down to P2500 followed by diamond polishing with a paste suspension of 3 mm and 1 mm. A final polishing step with alumina suspension down to 50 nm was employed. The roughness of the samples, measured with an optical profilometer, had a root-mean-square (RMS) of $27 nm. Nanoindentation measurements were performed with an MTS indenter XP equipped with a continuous stiffness measurement (CSM) indenter head. Indentations were made with a Berkovich tip to an indentation depth of 300 nm (which is around ten times the roughness of the sample) and a holding time of 60 s. The thermal drift was set to 0.1 nm/s. In the CSM mode, a 2-nm oscillation with a frequency of 45 Hz was prescribed in the measurement. Indentation maps with spacing of 10 mm between each indent were obtained. For each indentation point, modulus and hardness were averaged between 100-and 300-nm indentation depths. The optical images of the samples along with indentation maps for both longitudinal and transversal directions are provided in Figure S2 .
Cyclic Indentation Experiments
Three tests over different regions of the stone were performed. Parameters used in the tests were holding time 150 s, maximum load 180 mN, and constant loading and unloading rates of 0.45 mN/s. Several cycles were performed using a Berkovich tip. The thermal drift was set to 0.1 nm/s.
Micropillar Compression Tests
Samples were polished using the procedure described above. A 30-nm thick Pt film was sputtered to minimize drift during focused ion beam (FIB) milling. Micropillars were fabricated from the tooth samples using an annular FIB milling technique in an FEI Nova 600 NanoLab instrument. To this end we used a staged approach, which applied successively finer beam currents in the range of 6.5 to 1 nA, to produce wellpolished specimens. All micropillars were cut at an acceleration voltage of 30 kV. Each micropillar was fabricated with a nominal diameter (5 mm and 10 mm) and a length-to-diameter ratio of 3:1. A minimum of three replication experiments were performed for each testing case. Micropillar compression testing was performed using an Alemnis micromechanical testing platform under in situ electron imaging in an FEI Nova 600 instrument. Uniaxial compression tests were performed using displacement control at a nominal strain rate of $8 3 10 À4 /s with a 10-mm flat-tip diamond indenter. Applied forces were measured with an in-line load cell having a nominal RMS noise of 4 mN. The applied strains were determined after correction for thermal drift, machine compliance, tapering of micropillars, and sink-in effects of the micropillar into the supporting tooth. The shear strain was calculated using the strain transformation relationship: g = 2ð 3 N À n 3 N ÞsinðqÞcosðqÞ, where 3 N and n are the normal compression strain and Poisson's ratio, respectively, and q is the orientation angle of the inclined surface, which was equal to 30 .
Tooth-Tip Compression against a Diamond Substrate
To evaluate the tooth-tip condition at the beginning of wear experiments, we performed tooth-tip compression experiments for several tip contact stresses. To this end, we calculated the maximum load for each contact stress, from 0.5s Y to 2s Y , based on contact mechanics analysis. The experiments were conducted under load control with a loading time of 20 s. The characterization of the tip before and after each experiment was performed using a scanning electron microscope. The prepared tooth and its tip characterization are shown in Figures S5A-S5E . Other than a slight flattening, no obvious damage was observed at the tooth tip for contact stresses smaller than the stone yield stress. However, for stresses above the stone yield stress, cracks appeared at the tooth tip as shown in Figures S5D and S5E . These observations could be correlated to features in the load-displacement curves. Curves for a constant stress equal to the stone yield stress and higher are reported in Figures S5F and S5G . Interestingly, the curves for contact stress above the yielding point contain multiple ''pop-ins'' and ''pop-outs'' indicative of damage and fracture occurring at the tip of the tooth.
Wear Experiments
To understand the wearing and chipping phenomena, we conducted in situ SEM wear tests using an Alemnis nanomechanical tester. 41 Friction coefficient measurements were performed with an MTS nanoindenter XP instrument. The specimens for the wear experiments were prepared as follows. Since sea urchins' teeth are long and have a curvy shape, first they were cut into a 4-mm length for mounting purposes. A customized holder was designed and manufactured that could fit into both the MTS nanoindenter XP machine and the Alemnis tester. Pristine teeth were selected and mounted into the holder using epoxy adhesive (Loctite 1C Hysol Epoxi-patch). They were then coated with 8 nm of osmium. SEM images of the tooth tips were taken before the scratch experiments. UNCD (1 mm thick) deposited by chemical vapor deposition on a silicon wafer 42 was used as the substrate in the wear experiments. The substrate was glued with epoxy adhesive on an aluminum stub and fitted into a holder of the instrument. For in situ SEM scratch tests, the Alemnis tester was installed inside a Nova NanoSEM 600 operating at 10 kV and 2.6 nA. The tooth holder was fitted into a gantry containing a piezo actuator and a displacement sensor, which is used to prescribe the displacement. The substrate holder was fitted into the load sensor. As the tooth came in contact with the UNCD substrate, the load was measured by the sensor. 41 Before initiation of sliding, the tooth was compressed to a maximum prescribed load over 20 s loading time with a 10 s holding time. The wear experiments were then carried out at a constant sliding speed of 10 mm/s and a constant load. Videos were recorded to capture the process of wearing and chipping. Relative motion between tooth and substrate was obtained by moving the substrate at the prescribed speed. After a sliding distance of 1,000 mm, teeth were removed, imaged, and characterized. In all accelerated wear experiments, the initial contact stress was set to the yielding stress of the stone. Characterization of the tooth tips for the constant load and constant contact stress cases are provided in Figures S6A-S6D . For the purpose of friction coefficient measurements, the same teeth were used as tips in the MTS nanoindenter setup, which possesses both normal and lateral force measurements. The friction coefficient for three teeth at two different normal loads was measured ( Figure S6E ).
Nonlinear Finite-Element Analysis
The commercial finite-element code ABAQUS/Explicit 6.16 was used to perform numerical analyses. Two different analyses were carried out: the first was for the stone cyclic indentation experiments, which were used to identify parameters for a visco-plastic model with damage 25 (see Supplemental Information for details); the second was analysis of the wear experiment. The indentation analysis consisted of an axisymmetric (rigid) 140.6 conical diamond indenter compressing against a tooth stone substrate 30 mm in width and 40 mm in depth. The two-dimensional axisymmetric mesh was constructed to be fine near the indentation surface (the element type is CAX3 axisymmetric elements with minimum size of 0.25 mm) and coarser toward the base ( Figure S8A ). The simulation included three stages: loading, holding, and unloading, as in the experiments. During loading, a rigid surface modeling the indenter tip moved downward and penetrated the specimen up to a maximum prescribed load. During unloading, the indenter tip retracted to the initial position. Contour plots of von Mises stress and equivalent plastic strain showed localization of deformation under the indenter tip and at the edge of the contact. Through an iterative procedure (described in Supplemental Information), the stone model parameters, reproducing the experimental load-displacement cyclic curves, were identified ( Figure S8B ). The complete set of parameters is listed in Table  S1 . The extracted load-displacement history, from the FE model, is compared with the experimental data in Figure 2A . The calculated modulus from the unloading data exhibits a decreasing trend, as a function of indentation depth, which was related to damage accumulation consistent with observed cracking around the fibers ( Figures 2B and  2C ). In the wear analysis, the plates were modeled as anisotropic elastic bodies with moduli corresponding to the calcite single crystal, which possesses a trigonal-rhombohedral structure 43 (Table S2) . It was previously shown that the c axis of the crystal is tangential to the tooth surface curvature. 23 This feature was implemented, at each quadrature point of the mesh in the plates, by tensorial definition of the elastic constitutive law along the direction of the crystal lattice. To model fracture, we embedded cohesive elements between and within plates to capture both interface crack initiation and propagation between plates and calcite single-crystal cleavage. These elements have zero thickness with a triangular traction-separation law, although their properties are different ( Figure S8H ). To accommodate mode coupling, we define an effective fracture energy at failure (Table S3 ). In addition to employing an explicit contact algorithm between the stone and plates, the self-contact algorithm, based on the penalty method, was used. The keel part was modeled as an isotropic body with linear elastic property (Table  S4 ). The mass densities of the stone, plates, and keel were considered the same and equal to 2.7 g/cm 3 , while the mass density of interfaces is considered similar to the organic sheath layer, $0.5 g/cm 3 . For the base materials (stones, plates, and so forth), 3-node (triangular) plane-strain elements CPE3 were used. For interfaces (between components and within components), 4-node (quadrilateral) cohesive elements COH2D4 were used. The largest element has a dimension of 12 mm, and the mesh is refined at the contact area with the smallest element having a characteristic dimension of $0.25 mm.
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